With the increase in the aging population, it is important to understand the individual diseases and their interactions which are prevalent and have a great impact on the health status of the elderly. Hypertension is one of the most common diseases in older age and may impact the health status because it is the main risk factor for cardiovascular and cerebrovascular diseases such as heart failure and stroke. Recently, much evidence has been accumulated showing that hypertension plays an important role in the development and progression of cognitive impairment and dementia. Cerebral hypoperfusion secondary to severe atherosclerosis resulting from long-standing hypertension may be a major biological pathway linking high blood pressure (BP) to cognitive decline and dementia. Furthermore, increased BP variability has also been reported to be significantly associated with white matter hyperintensities and brain atrophy, which are predisposing conditions of dementia, depression, and falls in the elderly even after adjusting for BP levels and other confounding variables. Several mechanisms have been shown to be involved in the association between BP variability and cognitive impairment in elderly individuals. In addition to an increased cerebral blood flow fluctuation, neurohumoral activation, endothelial dysfunction, inflammation, and oxidative stress have been suggested to be the underlying mechanisms. However, clinical trials provide limited evidence for a protective effect of antihypertensive therapy against dementia and strokerelated cognitive decline. In this article, we aimed to review the existing evidence of the connection between BP variability and cognitive impairment in elderly people.
Introduction
Hypertension and cognitive dysfunction are both common disorders in elderly people. As the age of the population grows, the prevalence of hypertension increases linearly, exceeding 60% for people aged ≥ 60 years and 70% in individuals ≥ 70 years old [1] . Additionally, the prevalence of dementia is estimated to be around 8% in people aged ≥ 65 years [2] . Hypertension, beyond its direct effect on cerebrovascular events, is known to play a role in the development of cognitive impairment and vascular dementia in elderly people [3] . This close relationship between hypertension and cognitive impairment has been widely reported in multiple epidemiological studies [4] [5] [6] .
However, previous studies mainly focused on the effect of once-measured (casual) blood pressure (BP) rather than on ambulatory BP (ABP) or repeated measurement of BP. ABP can provide an estimate of the mean BP level, the diurnal rhythm of BP, and BP variability, all of which are of potential value in clinical practice [7] .
There has been evidence of a relationship between these ABP findings and brain structural changes and cognitive impairment. In addition, higher visit-to-visit variation of BP has been reported to be associated with an increased risk of stroke [8] .
In this article, we aimed to review the current evidence of associations between nondipping, nocturnal hypertension, 24-hour BP variability, and visit-to-visit BP variability and brain structural alteration such as total brain volume and white matter hyperintensities, and to investigate the possible mechanisms linking BP variability to cognitive impairment in elderly people.
Association between Hypertension and Cognitive Impairment
Hypertension has been reported to be a risk factor for cognitive dysfunction in the elderly, ranging from silent white matter lesions to overt stroke. There are a number of large longitudinal studies which showed the effect of chronic exposure to hypertension for more than 20 years on the later cognitive function.
A study performed in Uppsala, Sweden, reported that the diastolic BP (DBP) measured in midlife is related to global cognitive dysfunction at the age of 70 years [5] . The Honolulu-Asia Aging Study [4] showed an association between high systolic BP (SBP) and following cognitive dysfunction after 25 years. In addition, higher BP and longer exposure to hypertension were associated with poorer subsequent results in neuropsychological tests from the Framingham study [9] . A study conducted in Kuopio and Joensuu, Finland, demonstrated that midlife hypertension and dyslipidemia increased the risk for Alzheimer's disease in later life [10] .
However, there is little evidence that hypertension in later life also has the same negative effect on cognition. Indeed, based on some reports concerning the harmful effect of low BP on cognitive function, it seems that in older adults, and particularly in those who are very old, an appropriate BP level may be required to retain cognitive function by maintaining adequate cerebral perfusion [11] .
All of these longitudinal studies suggest that high midlife BP is a risk factor for later-life cognitive impairment and dementia, and that a low DBP and a very high SBP in older adults may be associated with subsequent development of dementia. Cerebral hypoperfusion secondary to severe atherosclerosis resulting from long-standing hypertension and low BP may be a major biological pathway linking both high BP in midlife and low BP in later life to cognitive decline and dementia. However, clinical trials provide limited evidence for a protective effect of antihypertensive therapy against dementia and stroke-related cognitive decline.
Clinical Significance of BP Variability
Previous studies have shown that ABP variability is associated with target organ damage including brain white matter hyperintensities independent of the mean 24-hour BP values [12] [13] [14] [15] [16] [17] [18] [19] . In addition, the 24-hour BP standard deviation, which is one of the BP variability indices, has been shown to be related to the progression of organ damage over the years [15, 20] . In the Syst-Eur sub-study, increased nighttime SBP variability was an independent risk factor for stroke even after adjusting for BP level and other confounding variables [21] .
Long-term BP variability, usually measured as visit-to-visit BP variability, was once believed a random phenomenon. However, the increasing evidence of the prognostic importance of this variability changed this perception [22] . The mechanisms of this variability associated with poor clinical outcomes have not been well studied, but they may be explained by baroreceptor dysfunction or increased arterial stiffness.
Relationship between BP Variability and Structural Brain Changes or Cognitive Dysfunction
Although cerebral white matter hyperintensities are known to be a common finding in the elderly, several studies have reported a significant association between hypertension and white matter hyperintensities and the development of cognitive decline [23] . In patients with mild cognitive impairment, white matter hyperintensities have been reported to be related to further cognitive decline [24] . In addition, a positive correlation between the amplitude of dipping (difference between daytime BP and nighttime BP) and the extent of white matter hyperintensities measured by brain MRI has been detected [25] . Puisieux et al. [26] demonstrated that higher leukoaraiosis was associated with a higher SBP and a greater SBP variability during 24 h. Goldstein et al. [27] evaluated the relationship between ABP and brain atrophy in healthy elderly individuals. In this study, greater sleep SBP variability was associated with brain atrophy. A following study by the same authors, which reevaluated brain MRI scans after 5 years, showed that elevated SBP and greater sleep SBP variability were associated with aggravated brain atrophy [28] . Conversely, Nagai et al. [29] showed a positive correlation of nocturnal SBP dipping and total brain volume, although awake and sleep SBP were negatively correlated with total brain volume.
In addition, in the Uppsala cohort study [5] , 999 elderly men with ABP and cognitive function tests including Mini-Mental State Examination (MMSE) and Trail-Making Test were analyzed. This study identified lower cognitive scores in non-dippers. However, there was no relation between extreme dippers (daytime SBP -nocturnal SBP ≥ 20 mm Hg) as well as participants with high sleep BP variability and cognitive impairment. In addition, Ohya et al. [30] showed that inverted dippers and non-dippers were more frequent among elderly individuals with decreased activity of daily living and impaired cognitive function.
One study demonstrated that exaggerated 24-hour BP variability is associated with cognitive dysfunction in elderly people [31] . Moreover, exaggerated ABP variability was related to cognitive dysfunction in the elderly, especially in the very elderly, and to lower quality of life in the younger elderly [32] . Recently, visit-to-visit BP variability has also been shown to be associated with cognitive function [33] , beyond the previously known relationship with cerebral white matter hyperintensities [34] .
In summary, a non-dipping pattern and exaggerated BP variability (ambulatory and visitto-visit variability) are associated with structural brain changes, such as white matter hyperintensities and brain volume atrophy, and cognitive dysfunction in elderly people.
Causal Relationship between BP Variability and Cognitive Impairment
As described before, although some discordance exists, there is evidence showing a correlation between nocturnal non-dipping and cognitive impairment. However, due to a lack of studies evaluating ABP and cognitive function longitudinally, the causal relationship between non-dipping and cognitive impairment is hard to tell. Considering autonomic dysregulation as a mechanism of the non-dipping phenomenon, non-dipping can be caused by an underlying disease which can cause both cognitive impairment and autonomic dysregulation. This possible process is supported by studies focusing on lacunar infarct [35] or dementia [36] . Therefore, research to elucidate the causal relationship of non-dipping and cognition is needed.
On the other hand, considering the mechanisms of exaggerated short-and long-term BP variability, i.e. baroreflex dysfunction and arterial stiffness, and the resultant cerebral white matter changes, cognitive dysfunction may be a result rather than a cause of these BP variation.
Usually, white matter lesions occur in watershed areas [37] and may be caused by ischemia due to more-than-physiological BP fluctuation seen in patients with exaggerated short-and long-term BP variability. Therefore, abnormal BP variability might cause cognitive dysfunction. Several mechanisms have been reported to be involved in the association between BP variability and cognitive impairment in elderly people. In addition to an increased cerebral blood flow fluctuation, neurohumoral activation, endothelial dysfunction, increase in inflammation, and oxidative stress have been suggested to be the underlying mechanisms ( fig. 1 ) [38] [39] [40] . 
